Imiquimod clears tumors in mice independent of adaptive immunity by converting pDCs into tumor-killing effector cells.
Introduction
Imiquimod (Imi) belongs to the group of imidazoquinolines and has been shown to induce antiviral and antitumor immune responses (1) . Aldara, a 5% cream formulation of Imi, has been approved for treatment of superficial basal cell carcinoma, squamous cell carcinoma, lentigo maligna, and actinic keratoses (1) . In addition to its antiangiogenic (2) and proapoptotic activity (3), Imi has been shown to regulate the function of immune cells by triggering TLR7 and TLR8 (4), both of which have been identified as receptors for single-stranded RNA (5) . There are also indications for TLR-independent effects of Imi that are induced by the adenosine receptor (6) or the inflammasome (7) .
TLRs are pattern recognition receptors involved in sensing foreign antigens. TLR triggering leads to the production of proinflammatory cytokines necessary for initiating innate and boosting adaptive immune responses, thereby facilitating elimination of pathogens and tumor cells (8) . A central role at the interface of innate and adaptive immunity is played by DCs, which are professional antigen-presenting cells. Murine plasmacytoid DCs (pDCs) constitutively express high levels of TLR7 and TLR9 (9) . These receptors signal via the adapter molecule myeloid differentiation primary response protein 88 (MyD88), thereby activating NF-κB, IRF-7, and the MAPK pathway, leading to secretion of cytokines and chemokines, such as IL-1, TNF-α, IL-6, IL-8, and especially type I IFNs (IFN-α/β) (5, 8, 10, 11) . Several studies have demonstrated that IFNs are able to induce apoptosis on malignant cells, either by directly exerting cytotoxic effects or by enhancing the expression of death-inducing molecules, such as TNF-related apoptosisinducing ligand (TRAIL) and FasL (12) (13) (14) . Notably, human pDCs were reported to express TRAIL and FasL or to release granzyme B upon TLR7/8 stimulation by viruses or synthetic ligands (15) (16) (17) . We and others have shown that topical application of Imi induces epidermal thickening and dermal inflammation with infiltration of immune cells and production of IFN-α and TNF-α (18, 19) . Imi treatment leads to emigration of Langerhans cells from the epidermis and massive recruitment of pDCs into the dermis, in which they are present at very low numbers in normal skin (18, 19) . Chemoattractants, like CXCL9-12, CXCL4, CCL2, and CCL5, whose cognate receptors are highly expressed on pDCs, may facilitate their recruitment (20, 21) . pDCs have been described to be present in increased numbers in different tumors upon activation with various TLR agonists (17, 18, 22, 23) . Systemic administration of CpG induced an influx of pDCs into lung tumors, which led to tumor progression by the recruitment of regulatory T cells (23) . On the contrary, CpG-activated pDCs were found to induce NK cell-dependent tumor regression in a mouse melanoma model (22) . We could also demonstrate that treatment of intradermally induced melanomas with Imi led to tumor regression and that treatment success correlated with increased numbers of infiltrating pDCs in the tumors (18) .
From these results it is clear that the precise function of pDCs in modulating immune responses against tumors is still controversial and remains to be determined. So far it has never been shown whether infiltrating pDCs directly contribute to tumor killing and whether TLR7/8 stimulation is required for the antitumor activity of Imi. Moreover, it is unclear by which trigger pDCs are recruited to the skin upon Imi treatment. In the present study, we show that CCL2, produced after Imi treatment by mast cells in the dermis, is responsible for recruiting pDCs to the skin. Furthermore, we demonstrate that mice lacking pDCs are not able to clear tumors after Imi treatment and unravel the mechanism by which TLR7/MyD88 as well as IFN-α/β receptor 1 (IFNAR1) signaling on pDCs is required for the antitumor effect of Imi. This study demonstrates that Imi can transform pDCs into a subset of DCs capable of directly killing tumors independent of the adaptive immune system.
Results
Effects of Imi in the skin. The epidermis is the site of first contact with topically applied Imi. Since pDCs are present only in low numbers in the skin (18) , we wanted to investigate the early effects induced by Imi and identify the skin-resident cell type first responding to the drug. Therefore, we analyzed TLR expression in skin cell populations and examined whether their expression level was modulated by Imi treatment. Whereas TLR3, TLR4, TLR5, and TLR9 were expressed by various skin cells, no expression of TLR7 or TLR8 was observed (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI61034DS1). Although cultured primary keratinocytes lacked TLR7/8 expression, stimulation with Imi resulted in activation of JNK1, p38, and ERK ( Figure 1A) , whereas the NF-κB pathway was not affected (data not shown). Similar results were obtained with Tlr7 -/and Myd88 -/keratinocytes, indicating that Imi was acting independently of TLR7 signaling ( Figure 1 , B and C). Imi treatment induced cell death in cultured keratinocytes independent of the presence of TLR7 or MyD88 ( Figure 1D ). The proapoptotic effects of Imi were also observed in vivo in Imi-treated ears of WT, Tlr7 -/-, and Myd88 -/mice ( Figure 1E ). In contrast, Imi treatment neither activated the MAPK pathway nor induced apoptosis in WT, Tlr7 -/-, or Myd88 -/dermal cells (data not shown). These results demonstrate that topical Imi application leads to TLR7/ MyD88-independent signaling and apoptosis in the epidermis.
Long-term treatment with Imi induces skin inflammation and secretion of inflammatory cytokines (18, 19) . We were interested in identifying the factors produced by skin resident cells early after Imi application and therefore analyzed their production in the first hours after treatment. After 24 hours, cytokines like IL-6, TNF-α, CCL2, and IL-1β were not increased in keratinocytes and epidermis ( Figure 2A and Supplemental Figure 1B) . Similarly, neither IL-6 nor IL-1β or TNF-α were substantially increased in the dermis, suggesting that the induction of these factors occurs later as a result of inflammation and is possibly mediated by infiltrating immune cells ( Figure 2B ). CCL2 levels were already significantly increased 24 hours after Imi stimulation in the dermis of WT mice but not in that of Tlr7 -/or Myd88 -/mice ( Figure 2C ). Mast cells are resident in the skin and known to express TLR7 (24) . When stimulated with Imi, mast cells released significantly increased amounts of CCL2 ( Figure 2D ). To investigate whether the increased CCL2 levels were responsible for pDC recruitment, mice lacking CCL2 were treated with Imi. Interestingly, pDC numbers were not increased in the dermis of Imi-treated CCL2-deficient mice, demonstrating that CCL2 is responsible for pDC recruitment ( Figure 2E ). The finding, that CCL2 expression was dependent on TLR7 and MyD88 led us to investigate whether this applied also for pDC accumulation. After Imi treatment, increased numbers of pDCs could be observed in the dermis of WT mice but not in that of mice lacking TLR7 or MyD88 ( Figure 2F and Supplemental Figure 1C ). Comparable to CCL2-deficient mice, Imi-induced epidermal thickening and dermal inflammation were not detectable in the skin of Tlr7 -/or Myd88 -/mice (Supplemental Figure 1D and data not 
Figure 3
The antitumor effect of Imi depends on the presence of TLR7 and MyD88 on BM cells. (A-C) Graphs showing the kinetics of tumor growth in (A) C57BL/6 (WT), (B) Tlr7 -/-, and (C) Myd88 -/mice measured at the indicated time points after Imi treatment (n = 10-14 per group). (D) FACS analysis showing the percentage of pDCs (CD45 + CD11c + B220 + CD11b -) present in melanomas 3 days after Imi treatment. (E and F) Relative tumor volume in BM chimeras of the indicated genotypes after Imi treatment. C57BL/6 (WT) and Tlr7 -/mice were lethally irradiated and reconstituted intravenously with BM cells of the indicated genotypes. After 12 weeks, reconstituted mice were injected intradermally with B16-F10 melanoma cells, and tumors treated with Imi or left untreated (n = 7-11 per group). *P < 0.05, **P < 0.005.
shown). Lack of TLR7, MyD88, or CCL2 also inhibited the infiltration of other immune cells after Imi application ( Figure 2G and data not shown). These data demonstrate that CCL2 produced by mast cells in a TLR7/MyD88-dependent manner after Imi treatment is an important chemoattractant for pDCs and responsible for the inflammatory manifestations in the skin.
Imi induces a TLR7-dependent antitumor immune response. We have observed that tumor regression after Imi treatment correlates with the presence of increased numbers of pDCs in tumors (18) .
To determine the importance of TLR7 or MyD88 signaling for the antitumor response mediated by Imi, we used 2 orthotopic murine melanoma models, B16-F10 (C57BL/6) and M3 (DBA/2) melanoma cells, both of which induce aggressively growing tumors when injected intradermally in mice (Supplemental Figure 2A ). As previously shown, Imi treatment of melanoma-bearing WT mice resulted in significantly reduced tumor growth ( Figure 3A and ref. 18 ). However, the therapeutic effect of Imi was absent in mice lacking TLR7 or MyD88 (Figure 3 , B and C). In WT mice, tumor-infiltrating pDCs were already observed 3 days after starting Imi treatment. In contrast, no increase in pDCs was observed in tumors of Tlr7 -/and Myd88 -/mice ( Figure 3D and data not shown). To examine whether TLR7 and MyD88 expression is required on immune cells for tumor clearance, we reconstituted lethally irradiated WT mice with Tlr7 -/or Myd88 -/-BM and Tlr7 -/or Myd88 -/mice with WT BM (Supplemental Figure 2B ). BM reconstitution was confirmed by PCR before tumor induction (Supplemental Figure 3 , C and D, and data not shown). In mice reconstituted with Tlr7 -/-BM, tumors did not regress after Imi treatment ( Figure 3E ), whereas expression of TLR7 on BM cells was sufficient to restore the anti-tumor effect of Imi in a Tlr7 -/background ( Figure 3F ). Melanomabearing mice lacking MyD88 in BM-derived cells did not respond to Imi treatment, and Imi even slightly enhanced tumor growth (Supplemental Figure 2E) . Surprisingly, Myd88 -/mice harboring WT BM-derived cells failed to respond to Imi, suggesting that MyD88-dependent proinflammatory signals might contribute to tumor growth (Supplemental Figure 2F and ref. 25 ). These results show that Imi-induced tumor clearance is dependent on TLR7 expression on BM-derived cells.
A CD8α-positive cell is responsible for the antitumor effect of Imi. Tumor infiltrates of WT mice treated with Imi contained increased numbers of activated CD8α + T cells and NK cells (Supplemental Figure 3A) . However, the antitumor effect of Imi was not impaired in the absence of T cells, as melanomas grown in Foxn1 nu mice still responded to Imi treatment ( Figure 4A ). Similar results were obtained with tumors grown in Rag2 -/mice ( Figure 4B ). To investigate which leukocyte population is responsible for mediating tumor regression after Imi treatment, we performed antibody-mediated depletion of CD4 + , CD8α + , and NK cells in melanoma-bearing mice. Mice with established tumors were injected with the respective antibodies before starting Imi treatment (Supplemental Figure 3B ). Effective cell depletion in secondary lymphoid organs was confirmed by FACS analysis (Supplemental Figure 3 , C and D). The composition of the infiltrating, remaining immune cells was comparable in tumors treated with antibodies or left untreated (data not shown). Notably, depletion of NK cells with 2 different antibodies (anti-AsialoGM1 and anti-NK1.1) did not affect the tumoricidal effect of Imi ( Figure 4C and data not shown). These data suggest that B cells, cytotoxic T cells, NK cells, and, the recently described, IFN-producing killer DCs
Figure 4
Adaptive immune cells are not required for the tumoricidal effect of Imi. (A and B) Graphs showing the relative tumor volume of (A) M3 melanomas intradermally induced in Foxn1 nu mice (nu/nu mice) and (B) B16-F10 melanomas induced in Rag2 -/and Rag2 +/mice as controls (n = 11-13 per group). (C-E) Relative tumor volume of M3 melanoma-bearing mice depleted of (C) NK cells by injection of anti-NK-specific antibodies (clone Asialo GM1); (D) CD4 + cells by anti-CD4 antibody injection (clone GK1.5); or (E) CD8α + cells by anti-CD8α antibody injection (clone 53.6.7) before starting treatment with Imi (n = 8-9 per group). Untreated DBA/2 (WT) mice were used as controls. depl., depletion. (F) The percentage of CD8α + pDCs (CD11b -B220 + ) gated from CD45 + CD11c + cells present in melanomas of mice depleted of CD8α + cells 3 days after starting Imi treatment. *P < 0.05, **P < 0.005, ***P < 0.0005.
(IKDCs), which were described as NK1.1 + CD11c + B220 + GR1cells (26), do not play a major role in the antitumor immune response induced by Imi. Depletion of CD4 + cells led to tumor stasis, which was not affected by Imi treatment ( Figure 4D ). Although Imi remained effective in tumor-bearing mice lacking T cells, in the absence of CD8α + cells, the antitumor response to Imi was entirely abolished ( Figure 4E ). To investigate which CD8α + cells other than cytotoxic T cells could be responsible for mediating the antitumor effect of Imi, we analyzed DC subpopulations in tumor-bearing mice. Within 3 days of Imi treatment we detected increased numbers of CD8α + pDCs in tumors, whereas, in CD8α + -depleted mice, the number of CD8α + pDCs was dramatically reduced and did not increase after Imi treatment ( Figure 4F ). Similarly, pDCs isolated from spleen or cultured from BM displayed elevated CD8α levels in response to Imi treatment, which was dependent on TLR7 expression (Supplemental Figure 3 , E and F, and data not shown). These data demonstrate that pDCs upregulate CD8α in a TLR7-dependent manner upon Imi stimulation and that these CD8α + pDCs might be important for the antitumor response of Imi.
pDCs mediate the antitumor effect of Imi in vivo. So far our data demonstrate that pDCs upregulate CD8α after Imi treatment and infiltrate into the tumor tissue by a TLR7-dependent mechanism.
To determine whether pDCs are the mediators of the antitumor effect of Imi, we used Bdca2-diphtheria toxin receptor (Bdca2-DTR) transgenic mice expressing the DTR specifically in pDCs (27) . Specific ablation of pDCs was obtained in tumor-bearing mice upon diphtheria toxin (DT) administration (Supplemental Figure 4A Figure 4B ). In melanoma-bearing mice depleted of pDCs, tumors did not regress after Imi treatment but kept growing like their untreated controls ( Figure 5B ). Lack of pDCs did not influence T cell, monocyte/neutrophil, and NK cell populations in tumors and tumor-draining lymph nodes of Imitreated mice ( Figure 5C and data not shown). Moreover, there was no increase of CD8α + DCs after Imi treatment in pDC-depleted mice ( Figure 5D ). Compared with that in WT mice, mice lacking TLR7 and pDC-depleted mice displayed reduced apoptosis in Imitreated tumors, suggesting that TLR7-expressing pDCs were mediating this effect ( Figure 5E and Supplemental Figure 4C ). These data unequivocally show that pDCs and most likely CD8α + pDCs are essential for the antitumor effect of Imi.
Imi-activated pDCs induce tumor killing via cytolytic molecules. We next analyzed whether pDCs are able to directly kill tumor cells in response to Imi treatment. pDCs purified from Flt3L BM cultures or isolated ex vivo from BM were stimulated with Imi and cocultured with B16-F10 melanoma cells (Supplemental Figure 5A and data not shown). Both Imi-stimulated pDC populations showed increased cytotoxicity against melanoma cells compared with that of untreated controls ( Figure 6A and data not shown). Imi-induced killing activity toward tumor cells was completely abolished when pDCs lacked TLR7 ( Figure 6B) , and there was no upregulation of CD8α on Tlr7 -/-pDCs by Imi (Supplemental Figure 3F) , suggesting that CD8α expression might be a prerequisite for the killing activity. To investigate whether killing was dependent on secreted cytotoxic molecules, melanoma cells were incubated with supernatants of Imi-stimulated pDCs. Supernatants from WT but not Tlr7 -/-pDCs killed melanoma cells, indicating that soluble, deathinducing factors are produced by pDCs in a TLR7-dependent manner in response to Imi treatment ( Figure 6C ).
Next we investigated which cytolytic factors are produced by Imi-stimulated pDCs. It is known that TLR7 triggering on pDCs induces the production of IFN-α, which has been reported to induce apoptosis of tumor cells either directly (12, 28) or indirectly by stimulating death-receptor ligand expression (13, 14) . In response to Imi, pDCs secreted high amounts of IFN-α, which could not be detected in pDCs lacking TLR7 ( Figure 6D ). Since B16-F10 melanoma cells express IFNAR1 on the cell surface, it is possible that they are directly killed by IFN-α/β ( Figure 6E ). However, antibody-mediated blocking of the IFNAR1 on melanoma cells could not prevent killing by pDCs, suggesting that other killing mechanisms are involved (data not shown).
We therefore investigated whether IFN-α/β induced by Imi can also indirectly kill tumor cells by inducing the production of death-receptor ligands in pDCs. These cytolytic molecules have been shown to be produced by T cells and NK cells as well as pDCs after IFNAR1 triggering (29) (30) (31) . Since NK cells and T cells are not required for melanoma regression after Imi treatment (Figure 4 , A-C), we analyzed whether Imi-triggered pDCs produce cytolytic molecules depending on TLR7 and IFNAR1 signaling. Imi treatment of pDCs significantly induced transcription and upregulation of Trail, which did not occur in pDCs from Ifnar1 -/and Tlr7 -/mice ( Figure 7A and Supplemental Figure 5 , B and C). Moreover, we found significantly elevated granzyme B levels in Imi-treated pDCs, which strictly depended on IFNAR1 and TLR7 expression ( Figure 7B and Supplemental Figure 5D ). Whereas perforin mRNA levels were not elevated in Imi-stimulated pDCs (data not shown), FasL expression was only moderately induced by Imi (Supplemental Figure 5E ). In addition, TRAIL receptor 2 (DR5) was highly expressed on B16-F10 melanoma cells (Figure 7C) , while only about 10% of melanoma cells expressed Fas receptor (Supplemental Figure 5F) . A significant decrease of the cytotoxic capacity of Imi-stimulated pDCs and the supernatant thereof was observed (Figure 7 , D and E) in the presence of the granzyme/perforin inhibitor ConcanamycinA (CMA) (32) . Anti-body-mediated blockade of TRAIL impaired pDC-induced killing after Imi treatment, which was, however, less efficient than the inhibition of granzyme B (Figure 7 , F and G). Moreover, lysis of tumor cells could not be increased by the addition of recombinant TRAIL and was much less than that observed with supernatants of Imi-stimulated pDCs (Supplemental Figure 5G ). These data demonstrate that pDCs can directly kill tumor cells in a TLR7and IFNAR1-dependent manner, mainly by producing cytolytic molecules like granzyme B.
pDC-mediated tumor killing requires IFNAR1 signaling. To mechanistically define the role of IFNAR1 signaling in Imi-stimulated pDCs, we performed killing assays with Ifnar1 -/-pDCs. Interestingly, Imi induced cytotoxicity of Ifnar1 -/-pDCs and supernatants thereof was significantly decreased but not completely abolished ( Figure 8,  A and B) . Similar results were also obtained by antibody-mediated inhibition of IFNAR1 on pDCs ( Figure 8C ). Interestingly, in Imi-stimulated Ifnar1 -/-pDCs, upregulation of CD8α could still be observed in 50% of cells (Supplemental Figure 3F) , providing a possible explanation for the incomplete blockade of the cytotoxic effects in the absence of IFNAR1 signaling. Moreover, in response to Imi treatment, Ifnar1 -/-pDCs still produced high levels of type I IFNs ( Figure 8D ) as well as TNF-α (data not shown), which can also directly induce cell death (12, 28) .
Next, we investigated whether the absence of IFNAR1 affects the Imi effects in vivo. Similar to that observed in Tlr7 -/and Myd88 -/mice ( Figure 2C ), levels of CCL2 were reduced in the dermis of Ifnar1 -/mice, and the number of pDCs did not increase upon Imi application (Figure 8 , E and F). Melanoma grew slightly faster in Ifnar1 -/mice compared with that in WT mice, and Imi treatment did not show any tumoricidal effect ( Figure 8G ), presumably because there was no significant recruitment of pDCs into tumor tissue ( Figure 8H ). Our results demonstrate that IFNAR1 signaling is required, not only for tumor cell killing by pDCs, but also for CCL2 production and pDC recruitment after Imi treatment.
Discussion
The role of pDCs in tumors has long been under debate. Clinical studies have shown negative correlation between the numbers of infiltrating pDCs and patient prognosis (33) . This was attributed to the finding that immature pDCs in tumors are weak inducers of T cell immunity or may even induce regulatory T cells (34, 35) . In the present study, we demonstrate what we believe to be a novel function for pDCs as active and indispensable effectors of tumor killing after treatment with Imi. Moreover, we show that TLR7 and IFNAR1 signaling in pDCs is necessary for tumor killing upon Imi treatment.
We observed increased CCL2 levels in the dermis shortly after Imi stimulation, which was dependent on TLR7, MyD88, and IFNAR1 expression. Consistently, pDC recruitment to the dermis and tumors after Imi treatment was dramatically impaired, and the inflammatory response in the dermis was much weaker in these knockout mice. Mice deficient for CCL2 did not show increased numbers of pDCs in the skin after Imi application, thus providing strong evidence that CCL2 is necessary for pDC recruitment. Our results with BMreconstituted mice demonstrate that Imi is still effective when TLR7 is missing in dermal cells of non-BM origin and that the tumoricidal effect of Imi strictly requires TLR7 expression on BM-derived cells. Since TLR7 signaling is required for CCL2 production, these results strongly suggest that a skin-resident, TLR7-expressing BM-derived cell is responsible for CCL2 production after Imi treatment. Dermal mast cells are strong candidates, as they express TLR7 and produce cytokines upon Imi treatment (24) . Recent studies have also shown that mast cells can produce CCL2 after anti-IgE stimulation (36) . We observed that mast cells produced significant amounts of CCL2 after Imi treatment, therefore strengthening our hypothesis that mast cells are responsible for CCL2 production and subsequent pDC recruitment after topical Imi application.
Although we found increased apoptosis and activation of the MAPK pathway in Imi-treated primary keratinocytes isolated from Tlr7 -/and Myd88 -/mice, it is evident from our results that Imiinduced epidermal apoptosis does not significantly contribute to local inflammation and pDC infiltration. Imi can also directly induce apoptosis of melanoma cells. However, this alone is not sufficient for tumor resolution, since tumor regression is strictly dependent on the presence of pDCs. Imi loses its therapeutic effect in Tlr7 -/-, Myd88 -/-, and Ifnar1 -/mice. This is accompanied by reduction of CCL2 expression and tumor-infiltrating pDCs. TLR9-activated pDCs induce NK cell- and CD8 + T cell-mediated antitumor immunity by driving maturation of and cross-presentation by conventional DCs (22) . Although T cell and NK cell activity can be modulated by TLR7 agonists (37, 38) , we show that the antitumor response induced by Imi remained effective, even in the absence of T and NK cells and IKDCs.
We provide definitive proof that pDCs are essential for Imiinduced tumor killing by depleting pDCs in tumor-bearing Bdca2-DTR transgenic mice (9) . Lack of pDCs completely abolished the tumoricidal effect of Imi in these mice but did not influence other immune cell populations, emphasizing the central role for pDCs in the antitumor response induced by Imi. In vivo depletion of CD8α + cells also abolished the tumoricidal effect of Imi, similar to that in pDC-depleted mice. Naive pDCs have been shown to express variable amounts of CD8α on their surface, and we show that Imi treatment induces TLR7-dependent upregulation of CD8α on pDCs in vivo and in vitro. Importantly, in vivo depletion of CD8α + cells also ablated activated pDCs from tumors, providing an explanation for why Imi treatment was not active in mice lacking CD8α + cells. In response to TLR7, triggering pDCs can produce high amounts of type I IFN (4, 11) , which can influence tumor growth by stimulating the adaptive immune system or by activating innate immune responses (9, 12, 14) . IFNAR1 knockout mice are impaired in their ability to induce adaptive immune responses in response to TLR7 ligation by the synthetic agonist polyUs21 (39) . Moreover, it has been shown that IFN-α/β can directly contribute to the clearance of tumor cells in a caspase-dependent manner (12, 28) or indirectly contribute by the upregulation of cytotoxic molecules (13, 14) . We did not observe direct killing of tumor cells by IFN-α/β, as inhibition of IFNAR1 on tumor cells did not prevent killing induced by Imi-stimulated pDCs. Therefore, it is likely that IFN-α/β stimulates death receptor ligand expression in pDCs. Human pDCs have been implicated in exertion of cytolytic functions by upregulating TRAIL (17) or influencing T cell responses by granzyme B secretion (40) . Furthermore, human pDCs have been shown to partially inhibit proliferation of a melanoma cell line in a type I IFN-dependent manner (41) .
A number of molecules responsible for tumor cell killing, like granzyme B, TRAIL, FasL, and TNF-α, were upregulated in Imistimulated pDCs, although to a variable degree. However, analysis of these factors was hampered by the fact that they may be stored and released within microvesicles or shed from the surface (42) . Expression of these lytic molecules was dependent on TLR7 expression and on IFNAR1 signaling in pDCs. Imi treatment did not lead to tumor clearance in Ifnar1 -/mice, and Imi-induced cytotoxicity of Ifnar1 -/-pDCs toward melanoma cells was significantly reduced. Blocking of granzyme B led to a significant decrease of melanoma cell death by Imi-stimulated pDCs, providing strong evidence that the killing activity of pDCs is primarily mediated by granzyme B. TRAIL and FasL were both expressed only in a subpopulation of pDCs; however, their expression was only minimally overlapping (data not shown). In vitro blocking of TRAIL/DR5 significantly reduced tumor cell lysis, but it did not entirely inhibit killing, suggesting that TRAIL only partially contributes to the in vivo effect of Imi. Although pDCs do not produce perforin, which is thought to be essential for the delivery of granzyme B into the cytosol, it is still under debate whether pDCs are able to induce cell death via granzyme B alone. Evidence is growing that perforin-independent mechanisms also induce the uptake of granzyme B to induce killing of tumor cells (43) . It is therefore tempting to speculate that Imi could replace the requirement for perforin for granzyme B uptake by tumor cells.
Based on our results, we propose that topical application of Imi leads to skin inflammation via TLR7/MyD88-dependent and -independent mechanisms. Imi-stimulated keratinocytes show increased apoptosis, which is independent of TLR7/MyD88-signaling. Instead, Imi-induced CCL2 production by resident mast cells and subsequent pDC recruitment into skin and tumors is strictly dependent on TLR7/MyD88 and IFNAR1 expression. Once pDCs are recruited to the skin or tumors, Imi stimulation leads to TLR7-dependent upregulation of type I IFNs, which in turn act in an autocrine manner on pDCs and induce the secretion of cytolytic molecules like TRAIL and granzyme B via IFNAR1 signaling (Figure 9 ). In mice lacking TLR7/MyD88 and IFNAR1, there is no induction of CCL2 and, as a consequence, no recruitment of pDCs and also no upregulation of cytolytic molecules, providing an explanation for the lack of therapeutic effect of Imi in these knockout mice. In conclusion, our data provide a very strong demonstration that pDCs are absolutely required for the antitumor response mediated by Imi. Therefore, strategies aiming at promoting the recruitment of pDCs to tumor sites and reprogramming them to become killer pDCs might prove to be effective stand-alone or adjuvant antitumor therapies.
Methods
Mice, cells, and tumor induction. C57BL/6, DBA/2, and Foxn1 nu were purchased from Harlan Laboratories. Rag2 -/-(44), Ifnar1 -/-(45), Myd88 -/- (46) , Tlr7 -/-(4), Ccl2 -/- (47) , and Bdca2-DTR mice (9) were kept in the animal facility of the Medical University of Vienna. Melanoma cells, M3 of H-2 d haplotype (derived from Cloudman S91 melanoma; H-2 d ), were cultured as previously described (18) . B16-F10 melanoma cells of C57BL/6 background (H-2 b ) were cultured in MEM (PAA) in the presence of 10% FCS (PAA), 1% penicillin and streptomycin (Pen/Strep) (PAA), and 1% HCO3. Orthotopic tumors (melanomas) were induced in waxed back skin of DBA/2 or C57BL/6 mice by intradermal injection of M3 (1 × 10 6 ) or B16-F10 melanoma cells (3.5 × 10 4 ), as previously described (18) . Tumors were treated topically with Aldara, a 5% Imi cream formulation, every other day or left untreated. Tumors were measured with a caliper by determining the greatest longitudinal and transverse diameters (length and width). Tumor volume was calculated by using the ellipsoidal formula, π/6 × (length × width) 2 . The relative tumor volume for each time point represents the ratio between the measured volume and the volume at time 0 (start of Imi treatment). For in vitro studies, Imi (Invivogen) was dissolved in endotoxin-free Limulus amebocyte lysate (LAL) water.
Cell depletion experiments in vivo. For in vivo cell depletion experiments, antibodies against CD4 (clone GK1.5, rat IgG2bK) and CD8α (clone 53.6.7, rat [Lou/Ws1/M] IgG2aK) were isolated from hybridoma supernatants and injected i.p. at a dose of 0.5 mg/mouse every 5 days. For depletion of NK cells, 0.5 mg anti-asialo-GM1 antibody (Rabbit IgG, WAKO, Japan) or anti-NK1.1 were injected once a week. Antibodies or the respective isotype control were injected when tumors were visible. Imi treatment was started 2 days later and repeated every other day. Depletion efficiency was determined in peripheral blood 4 days after antibody injection and in tumors and tumor-draining lymph nodes at the end of the experiment. In vivo depletion of pDCs was induced by DT injection (i.p.; 4.5 ng DT/g body weight every other day) in Bdca2-DTR mice harboring B16-F10 melanoma cells 1 day before the start of Imi treatment.
Dermal and epidermal cell cultures and Western blot analysis. Epidermal cells were isolated and cultured on vitrogen/fibronectin-coated dishes in lowcalcium MEM-medium (Sigma-Aldrich) containing 8%-chelated FCS for 4 to 5 days, as previously described (48) . Dermal cells were isolated as previously described (49) and cultured in MEM medium (PAA) containing 10% FCS at 37°C and 5% CO2. Cells were treated with soluble Imi (12 μg/ml; Invivogen) for the indicated time points (see Figure 1 and Supplemental Figure 1 ). Western blot analysis was performed as previously described (48) with antibodies detecting phospho-JNK (Cell Signaling Technology), JNK (Cell Signaling Technology), phospho-p38 (Cell Signaling Technology), p38 (Cell Signaling Technology), phospho-p44/42 (Cell Signaling Technology), and ERK1/ERK2 (Santa Cruz Biotechnology).
Flow cytometric analysis. Dissected tumors were incubated with Liberase (Roche) for 60 minutes at 37°C. After red blood cell lysis, the cell suspension was stained with the indicated mAbs (see the legends for Figures 3-5 and 8) for 30 minutes at 4°C. Dermal and epidermal cell suspensions were isolated and stained with fluorescently labeled antibodies after blocking with Fcblock (BD Pharmingen). The following mAbs were used: anti-Annexin V (BD Pharmingen), anti-CD11b (Biolegend), anti-CD11c (Biolegend, BD Pharmingen), anti-CD45 (Biolegend), anti-B220 (Biolegend), anti-CD8α (Biolegend), anti-mPDCA1 (Miltenyi Biotec), anti-Gr-1 (Biolegend), anti-Ly6C (Biolegend), anti-CD4 (BD Pharmingen), anti-CD49b (BD Pharmingen), anti-NK1.1 (Biolegend), anti-CD3 (BD Pharmingen), anti-I-A/I-E (MHCII, Biolegend), anti-TRAIL (Biolegend), anti-FasL (Biolegend), anti-IFNAR-1 (Biolegend), anti-Fas (BD Pharmingen), and anti-DR5 (Biolegend). Before staining with intracellular anti-granzyme B (clone 16G6, eBioscience), cells were cultured in presence of GolgiPlug (BD Biosciences) for 4 hours. Data were acquired on a FACSCalibur or LSR-II Flow Cytometer (BD Biosciences) and analyzed using CellQuest software (BD Biosciences) or FlowJo (Treestar).
ELISA and luciferase assay. Mouse IL-6 (R&D Systems), TNF-α (BD Biosciences), IL-1β (BD Biosciences), or CCL2 (BD Biosciences) immunoassays were performed according to manufacturer's instructions, with supernatants collected from cell cultures or with 40 μg of protein lysates. LL171 cells were used for type I IFN measurement in supernatants of BM-derived pDCs, as previously described (50) . Luciferase activity was measured with Beetle Luciferin, Potassium Salt (Promega) using a Mithras Microplate reader.
Immunofluorescence analysis. Cryosections from mouse tissue and epidermal ear sheets were prepared as previously described (49) . Five-micron sections were stained with H&E (Sigma-Aldrich) according to standard procedures. Immunofluorescence stainings were performed with an antimouse active caspase-3 (R&D systems) antibody and secondary antibodies purchased from Molecular Probes and Vector Laboratories.
Total RNA isolation and RT-PCR analysis. Total RNA from tissues and cells was isolated with TRIzol Reagent (Invitrogen). cDNA synthesis was performed with the SuperScript First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions. RT-PCR was performed with primers for TLR1-TLR9, TLR11, and GAPDH (Supplemental Table 1 ). qRT-PCR reactions were carried out using SYBR Green Mix (Applied Biosystems), according to the manufacturer's instructions, with primers detecting actin, TRAIL, and Gzmb (Supplemental Table 1 ).
Figure 9
Mechanism of Imi-mediated tumor cell killing by pDCs. Topical Imi treatment leads to increased apoptosis in keratinocytes independently of TLR7 and MyD88. Dermal mast cells secrete CCL2 after Imi stimulation in a TLR7/MyD88-and IFNAR1-dependent manner, resulting in skin inflammation and recruitment of pDCs to the treated sites. Imiactivated pDCs produce high amounts of type I IFNs, which act in an autocrine manner on pDCs to upregulate cytolytic molecules like granzyme B (Gzmb) and TRAIL via IFNAR1 signaling, thereby transforming pDCs into a subset of killer DCs able to directly eliminate tumor cells.
